Endothelial selectins mediate rolling of leukocytes on endothelium, a crucial step for leukocyte firm adhesion and emigration into sites of tissue injury and infection. To characterize the role of the endothelial selectins during bacterial sepsis in vivo, Streptococcus pneumoniae (1-10 ϫ 10 6 colony-forming units) was inoculated intraperitoneally into wild-type mice and mice with E-, P-, or E-/P-selectin deficiencies. Mice were followed 10 d for morbidity, survival, clearance of bacteremia, and leukocyte migration to the peritoneal cavity and organs 48 h after infection. All selectin-deficient mice showed a more pronounced morbidity, a significantly higher mortality associated with persistent bacteremia, and a higher bacterial load when compared with wild-type mice. These differences were most remarkable in the E-selectin-deficient mice, which showed the highest rate of mortality and bacteremia ( P Յ 0.0001). No significant differences were observed among the groups in the inflammatory response present in the peritoneal cavity, brain, liver, spleen, or kidney at 48 h after inoculation. Extensive hepatic and splenic necrosis and thrombosis were noted in E-and P-selectin-deficient mice. Although the absence of endothelial selectins did not substantially impair leukocyte emigration to sites of infection 48 h after pneumococcal sepsis, it resulted in increased mortality and a higher bacterial load in the bloodstream of selectin-deficient mice. These results demonstrate a definitive phenotypic abnormality in E-selectin-deficient mice, and suggest that E-and P-selectin are important in the host defense against S. pneumoniae infection. (
Introduction
The interaction between leukocytes and endothelial adhesion molecules is a key factor in the generation of effective inflammatory and immune responses against injury and infection (1, 2). In the systemic circulation, the initial step in the adhesion cascade consists of the tethering and rolling of leukocytes along the postcapillary venular endothelium, and is mediated by the interactions of the selectin molecules and their sialylated carbohydrate ligands (3) (4) (5) (6) . This reversible step is followed by firm adhesion and emigration, mediated by the interaction of the ␤ 2 integrin molecules (CD18/CD11 heterodimers) and their immunoglobulin-like ligands (intercellular adhesion molecule-1 [ICAM -1] 1 and others). The selectin family consists of three cell surface molecules expressed by leukocytes (L-selectin), platelets (P-selectin), and vascular endothelium (E-and P-selectin). All three selectins have been shown to mediate leukocyte rolling using intravital microscopy or in vitro flow chambers (5, 6) . L-selectin, constitutively expressed by most circulating leukocytes and shed after leukocyte activation, also functions as a lymphocyte homing receptor in lymph nodes (7, 8) . E-selectin transcription and expression at the endothelial cell surface are induced within several hours after activation with proinflammatory mediators (9, 10). P-selectin is preformed and stored in the ␣ -granules of platelets, and in secretory granules (Weibel-Palade bodies) in endothelial cells. Upon activation, P-selectin is mobilized immediately from these intracellular stores and expressed on the cell surface. P-selectin also mediates the adhesion of platelets to monocytes and neutrophils (11, 12) and is required for neutrophil accumulation within thrombi, which is important for fibrin deposition and thrombogenesis (13, 14) .
Initial investigations of the role of E-and P-selectin in inflammatory responses were performed using inhibitors such as mAbs in experimental models of inflammation. More recently, studies of mice with E-and P-selectin mutations, generated using gene targeting techniques in embryonic stem cells, have established further the important functions of these molecules in leukocyte rolling and inflammation (5) . Mice with single E-or P-selectin deficiencies are not prone to spontaneous disease or lethal infections under normal laboratory housing conditions. P-selectin-deficient mice exhibit slight leukocytosis and neutrophilia, severely diminished early (2-4 h) leukocyte rolling, delayed early (2-4 h) recruitment of neutrophils to the peritoneal cavity after bacterial or chemically induced peritonitis, and prolonged bleeding times (15) (16) (17) (18) . E-selectin-deficient mice have not been shown to develop inflammatory defects in similar models, unless P-selectin is blocked simultaneously (19) . However, a defect in slow leukocyte rolling of granulocytes in TNF-␣ -stimulated venules was demonstrated recently in E-selectin-deficient mice (20) . Mice with null mutations of both E-and P-selectin develop a phenotype of leukocyte adhesion deficiency characterized by increased susceptibility to mu-cocutaneous infections, plasmacytosis, hypergammaglobulinemia, severe deficiencies of leukocyte rolling, and absence of early (2-4 h) neutrophil emigration during bacterial or chemically induced peritonitis (21, 22) . Altered hematopoiesis with significant leukocytosis and splenomegaly are also observed (22) .
These studies suggested initially that E-and P-selectin serve redundant functions, although P-selectin appears to play a predominant role in mediating leukocyte rolling and emigration (17, (23) (24) (25) . In this study, we delineate further the role of the endothelial selectins in vivo by inducing systemic Streptococcus pneumoniae infection in wild-type mice and mice with single E-, P-, or double E-/P-selectin deficiencies. We hypothesize that deficiencies of the endothelial selectins ultimately impair the host's defense mechanisms against disseminated pneumococcal infection, resulting in increased morbidity and mortality as well as in defective emigration of leukocytes to sites of infection.
Methods
Animals. 8-wk-old mice with specific selectin deficiencies or wildtype mice were used in serial experiments. In each experiment, up to 10 animals of two or more mutant groups and their controls were analyzed. E-, P-, and E-/P-selectin-deficient mice were generated as described previously (17, 18, 21) . All animals were from a mixed 129/Sv ϫ C57BL/6 background. Homozygous mutant mice were viable and fertile; weight gain and survival were normal compared with wild-type mice. Because of the young age, double mutants had not developed spontaneous infections before these experiments. Serial serologies from sentinel animals in the colony were consistently negative for common murine viral pathogens. The animals were housed and fed under standard laboratory conditions. Once inoculated, mice were placed in separate cages under an isolation hood.
Bacteria. S. pneumoniae Colvin (serotype 6), isolated from cerebrospinal fluid (CSF) of a child with meningitis and unilateral severe hearing loss at Texas Children's Hospital, was frozen at Ϫ 80 Њ C in trypticase soy broth with 10% glycerol (pH 7.3) after a single passage from the original culture. For each experiment, an aliquot of S. pneumoniae was grown overnight on a blood agar plate at 35 Њ C. Several loopfuls of the culture were inoculated into 10 ml of 2% laked horse blood broth and incubated for 6 h. Pellets were obtained by centrifugation at 10,000 g for 10 min. The pellets were washed once in PBS, pH 7.4, and resuspended in PBS to a final concentration of 1-10 ϫ 10 8 CFU/ml, confirmed by colony count. The suspensions were diluted 1:10 with PBS before inoculation.
Animal inoculation. Mice were inoculated intraperitoneally with a single 0.1-ml dose (1-10 ϫ 10 6 CFU/ml) of S. pneumoniae. The final concentration was confirmed by colony count. Baseline weight determinations were obtained on all animals before inoculation.
Peripheral blood leukocyte counts and cultures. Baseline white blood cell (WBC) counts and absolute neutrophil counts (ANC) were obtained on all animals. Blood (10 l for each) was obtained by tailvein nick for WBC count (Coulter Electronics Ltd., Luton, UK), and differential was obtained by smears stained with differential hematologic stain (Neat Stain; Midlantic Biomedical, Inc., Paulsboro, NJ). The percentage of neutrophils was determined by counting 100 cells under oil immersion. Similarly, blood (10 l) was obtained using sterile technique for culture by inoculation on blood agar incubated at 35 Њ C. The degree of bacteremia was characterized by the number of CFU per 10 microliters on the blood culture plate. Culture plates with Ͼ 300 CFU/10 l were defined as having colonies too numerous to count.
Survival and organ harvest studies. Animals were assigned randomly to survival and organ harvest groups. Those in the survival study were observed daily for 10 d after inoculation for evidence of disease (decreased level of activity, piloerection, weight loss) and mortality. Blood cultures, WBC count, and ANC were obtained in all survivors every 24 h for 6 d, and every 48 h thereafter. Animals in the organ harvest group were killed 48 h after inoculation by intraperitoneal injection of a lethal dose of sodium pentobarbital. A cardiac puncture was performed with sterile technique to obtain blood for WBC counts, ANC, and culture. Under direct visualization by dissection, 1 ml of sterile 0.9% sodium chloride solution was injected into the peritoneum for lavage. The peritoneal fluid (10 l) was cultured, and WBC count and ANC were determined by the methods described above. The abdominal cavity was exposed to harvest the left lobe of the liver, a portion of the spleen, and the right kidney. In some animals, CSF was collected by cisterna magna puncture using a 27-gauge microfine insulin needle (Becton Dickinson Labware, Franklin Lakes, NJ) for culture (3-4 l), cell count, and differential. Cell counts were determined by Neubauer hemocytometer (Reichert Ophthalmic Instruments, a division of Leica, Buffalo, NY), and the smears were stained with Neat Stain. The small volume of CSF obtained did not allow for determination of all of these values in the same mice. In all animals, the brain was harvested for histopathology.
Histologic examination. After collection, the organs were fixed in 10% formaldehyde for 24 h and embedded in paraffin using standard techniques. Hematoxylin-eosin-stained tissue sections were examined by one investigator (E.P. Hawkins), without knowledge of the genotype or status of the mice. The specimens were examined for the presence of inflammation, bacteria, abscess formation, and necrosis. A scoring system was used, grading the histopathologic findings from 0 (none) to 1 ϩ (mild), 2 ϩ (moderate), and 3 ϩ (severe).
Statistical analysis. Survival data were analyzed by Kaplan-Meier using logrank analysis to compare survival curves. Differences in WBC counts, ANC, and the degree of bacteremia were analyzed by one-way ANOVA followed by Student's t test or Rank sum test when indicated. The clearance of bacteremia among survivors (dead or bacteremic versus alive without bacteremia) was analyzed over time using Kaplan-Meier and logrank analysis. The presence of inflammation, necrosis, and thrombosis were analyzed by 2 or Fisher Exact tests. Values are presented as mean Ϯ SD. Results were considered significant for P values Ͻ 0.05 (two-tailed).
Results
Systemic infection. Bacteremia was achieved in 90-100% of mice in each group at 24 h (Table I) . A higher bacterial load was observed in E-selectin-deficient mice, 222 Ϯ 94 CFU/10 l, than in wild-type mice, 134 Ϯ 133 CFU/10 l ( P ϭ 0.005). The severity and duration of morbidity were more pronounced in all the mutant groups when compared with wild-type mice. Mutant mice consistently showed signs of decreased activity, piloerection, and neurologic involvement, such as head tilt, spinning, and tremors. Uni-or bilateral panophthalmitis was more common in all the selectin-deficient mice (8% or 10/122 mutant mice used in all experiments) when compared with wild-type mice (2% or 1/53 mice). At 48 h, all selectin-deficient mice lost 13-16 Ϯ 5% of their baseline weight, compared with 6.6 Ϯ 5% in wild-type mice ( P Յ 0.0001). On day 10, weight gain was observed in wild-type mice, but P-and E-/P-selectindeficient mice lost 11-14% of their initial weight ( P Յ 0.05), and E-selectin-deficient mice lost 36 Ϯ 2% of their baseline weight ( P Յ 0.0001).
Survival. Data were pooled from the organ harvest group for the first 48 h, since all animals received the same treatment. Kaplan-Meier survival curves were significantly different among all the groups ( P ϭ 0.0003) (Fig. 1) . A high mortality rate was noted throughout the period of observation in mice with selectin deficiencies when compared with wild-type mice. This was most remarkable in the E-selectin-deficient group, with 7% (2/29) overall survival versus 57% (17/30) for the wild-type mice ( P Յ 0.0001). A survival rate of 19% (6/31) was observed in the P-selectin-deficient group ( P ϭ 0.002), and 28% (8/29) in the E-/P-selectin-deficient mice ( P ϭ 0.13). Although a slightly higher survival was noted on days 0-5 after inoculation in the E-/P-selectin-deficient mice, this difference was not statistically significant ( P ϭ 0.19 vs. wild-type mice), and after day 5, significant mortality was observed in this group ( P ϭ 0.003 vs. wild-type mice). Single E-and P-selectindeficient mice showed a higher mortality rate than double E-/P-selectin mutant mice over the entire period of observation ( P ϭ 0.004 and P ϭ 0.03, respectively).
Clearance of bacteremia among survivors. Wild-type survivors effectively cleared the bacteremia as early as 48 h after inoculation, and by day 10, all ( n ϭ 17) had sterile blood cultures (Fig. 2) . In contrast, Ͼ 90% of mutant survivors were bacteremic 4 d after inoculation, and only a few had sterile blood cultures ( P Յ 0.0001 for any mutant group vs. the wild-type group). The most striking difference was observed in the E-selectin-deficient mice, 100% of which remained bacteremic or died. Positive blood cultures in all the selectin-deficient groups consistently showed a higher colony count than those in the Figure 1 . Kaplan-Meier survival analysis of wild-type (dotted line, n ϭ 30) vs. P-selectin-(solid line, n ϭ 31) (P ϭ 0.002), E-selectin-(dashed line, n ϭ 29) (P Յ 0.0001), and E-/P-selectin-deficient mice (dotted and dashed line, n ϭ 29) (P ϭ 0.13), 1-10 d after intraperitoneal inoculation with S. pneumoniae. Data were pooled from the organ harvest group for the first 48 h (0-48 h: n ϭ 53 in wild-type, n ϭ 48 in P-, and n ϭ 37 in both E-and E-/P-selectin-deficient groups). wild-type group (P Յ 0.0001 for any mutant group vs. the wildtype group) (Fig. 3) .
Peripheral WBC count and ANC. Before inoculation, the E-/P-selectin-deficient mice showed peripheral leukocytosis (threefold) and neutrophilia when compared with wild-type mice. E-and P-selectin-deficient mice also had mildly elevated peripheral leukocyte counts (1.6-and 1.9-fold, respectively) and mild neutrophilia (Table II) . In all groups, the total WBC count and ANC dropped substantially in the first 24 h after S. pneumoniae inoculation (54% decrease in controls, 33-46% in selectin-deficient mice), and increased gradually after 48 h.
Analysis of peritoneal fluid and CSF. At 48 h after inoculation, no significant differences were observed in the total number of leukocytes and neutrophils present in the peritoneal fluid of any of the selectin-deficient mice when compared with wild-type mice (Fig. 4) . Neutrophils represented 82% of the peritoneal fluid leukocytes in the control group, but only 54% in the E-selectin (P ϭ 0.14), and 62-64% in the E-/P-and P-selectin-deficient mice (P ϭ 0.08 and P ϭ 0.56, respectively). Significant differences were observed when the number of peritoneal leukocytes collected in a standardized volume of 1 ml was compared with the peripheral leukocyte count within each group. The peritoneal WBC count was only 17.6% of the peripheral for E-/P-selectin-deficient mice compared with 132, 77, and 93% in the wild-type, E-, and P-selectin-deficient groups, respectively (P Յ 0.05), suggesting decreased migration into the peritoneum in the double mutants. Similarly, peritoneal fluid neutrophils represented only 13% of the peripheral ANC in the E-/P-selectin-deficient mice compared with 199, 121, and 79% in the wild-type, E-, and P-selectin-deficient mice, respectively (P Յ 0.05).
In a small number of animals where CSF was studied (n ϭ 2-7 per group), no significant differences were observed among the groups in the number of positive cultures, WBC count, or percentage of neutrophils in the CSF at 48 h (data not shown).
Histopathology. The most remarkable histopathological effects of S. pneumoniae systemic infection were noted in the spleen and liver of all selectin-deficient mice (Table III) . Areas of splenic thrombosis were present in 4/22 (18%) wild-type mice, but were more frequent in P-(9/13 or 69%) and E-selectin (4/5 or 80%)-deficient mice (P ϭ 0.004 and P ϭ 0.017, respectively) (Figs. 5 and 6 ). Similarly, splenic necrosis was more common in P-selectin-deficient mice (5/13 or 38%) than in wild-type mice (1/22 or 5%) (P ϭ 0.02), but was not observed in E-selectin-deficient mice. Double mutants presented lesser degrees of thrombosis and necrosis in the spleen. There were no differences in inflammation of the splenic parenchyma among the groups, but the degree of neutrophil infiltration was greatest in the E-/P-selectin-deficient mice. In all groups, neutrophils were seen in the capsule of the spleen, suggesting peritonitis. Similarly, hepatic necrosis was observed in 7/22 (32%) wildtype mice, and although present in all selectin-deficient animals, it was more common in P-selectin-deficient mice (10/13 or 77%) (P ϭ 0.01) (Fig. 7) . Areas of hepatic necrosis were evident by macroscopic examination in the P-selectin-deficient group only. Microscopically, neutrophil infiltration surrounding the areas of necrosis was present in all the E-/P-, and in Ͼ 60% of the P-and E-selectin-deficient mice. Thrombi were less frequent but were present in the liver of a small number of wildtype, E-/P-, and P-selectin-deficient mice. Circulating neutrophils and leukocyte aggregates were present in all groups. There was mild periportal inflammation in all groups, except the E-selectin-deficient mice.
No significant differences were observed in the histopathology of the brain. Meningitis was present in 40-85% of all the animals, and brain parenchymal abscess formation was noted in all groups (Table III) . Areas of bacterial invasion of the brain parenchyma without neutrophil accumulation were observed in one P-, and one E-/P-selectin-deficient mouse each.
The kidneys showed mild pathologic changes in a few animals, but no thrombosis. Intraparenchymal abscesses were found in 2/5 (40%) E-selectin-deficient mice. One P-selectin- deficient mouse (n ϭ 13) showed multiple renal abscesses, venous thrombi, and bacteria. Only mild interstitial inflammation was present in the kidneys of one E-/P-(n ϭ 13), one P-selectin-deficient, and one wild-type mouse (n ϭ 22) each. Necrotic tubules with abundant bacteria were observed in one wild-type animal.
Discussion
Our results provide evidence that leukocyte and endothelial cell adhesion molecules are important for the host defense against bacterial infection, and support the conclusion that the absence of endothelial selectin molecules results in an impaired host response to systemic pneumococcal infection. After inoculation with S. pneumoniae, mice genetically deficient in one or both endothelial selectins showed more prominent morbidity, substantially increased mortality, persistent bacteremia, and a higher bacterial load compared with wild-type mice. These results, along with observations of increased susceptibility to infections in patients with leukocyte adhesion deficiency syndromes types I and II, provide clear evidence of the importance of integrins and selectins, respectively, in the host defense against bacterial infection (26) .
The course of S. pneumoniae infection has been described previously in wild-type and other adhesion molecule-deficient mice. A deficiency of ICAM-1 or ICAM-1/CD18 molecules in mice results in significant morbidity and mortality in response to intraperitoneal injection of S. pneumoniae (27, 28) . Similarly, mice deficient in integrin-associated protein demonstrate an increased mortality after Escherichia coli infection (29) . In this study, mice with E-or P-selectin deficiencies show a significant increased mortality compared with wild-type mice after inoculation with S. pneumoniae, suggesting that the absence of endothelial selectin molecules is detrimental to the host's response to gram-positive sepsis. It is likely that deficiencies of leukocyte and endothelial cell adhesion molecules will lead ordinarily to increased susceptibility to bacterial infection; however, considerable variation may exist, depending on the adhesion molecules and the specific organisms involved.
There are examples of genetic deficiencies in leukocyte and endothelial cell adhesion molecules in mice that lead to an apparent beneficial result, as in the case of greater early survival after Haemophilus influenzae or gram-negative infection in mice deficient in ICAM-1 or both ICAM-1 and CD18 molecules (27, 28, 30) . It is probable that this beneficial effect is due to resistance to the harmful effects of endotoxin in these mutant mice. This may represent a normal or increased susceptibility to infection balanced by protection against some of the toxic inflammatory responses caused by the infection itself. It is unclear if the slightly increased early survival (0-5 d) observed in E-/P-selectin-deficient mice in this study represents a similar example. This beneficial effect was small, and the final outcome was poor compared with wild-type mice, although better than for either selectin deficiency alone. It is possible that the presence of persistently high numbers of circulating leukocytes and plasma cells, and higher serum levels of immunoglobulins in the E-/P-selectin-deficient mice provides them with a state that is advantageous for their initial response to pneumococcal sepsis, but detrimental for prolonged survival after untreated infection. Similarly, although we observed higher baseline peripheral leukocyte and neutrophil counts than reported previously in wild-type mice and single mutants, the counts were similar to those of wild-type mice after 24 h. Higher baseline peripheral counts present in all groups may be related to environmental factors such as husbandry, age, or stress, or to factors associated with the site and method of blood collection, or methods of WBC-count determinations, and are probably not related to the poor overall outcome of single mutants.
The presence of a significantly higher number of pneumococci isolated from the blood of mice deficient in endothelial selectins provides a possible explanation for the high mortality of these mutants. This is evident particularly in the E-selectindeficient mice, which have the highest mortality paralleled by persistent bacteremia. No obvious phenotype was observed in E-selectin-deficient mice when described initially, and normal neutrophil trafficking was attributed to redundancy in the function of P-and E-selectin molecules (19, 21, 22) . Subsequently, a phenotype of impaired slow leukocyte rolling in E-selectin-deficient mice was identified (20) . We now demonstrate a significant inflammatory abnormality with increased mortality and persistent bacteremia in E-selectin-deficient mice. It is possible that these findings may be directly related to the alteration of E-selectin-dependent slow leukocyte rolling (20) , or may involve more complex interactions whereby E-selectin contributes to the activation of neutrophils, the increased expression of macrophage antigen-1 (CD11b/CD18) integrin (31) , and increased chemoattractant activity (32). These results suggest a possible role for E-selectin in neutrophil activation. Similarly, mice with double E-/P-selectin deficiency would be expected to have suboptimal neutrophil function. We suggest that an apparently normal phenotype in genetically altered mice may more often be explained by inadequate ability to assess the phenotype than by redundant biological functions, particularly when the function of highly evolutionary conserved molecules has been disrupted.
When comparing these results with clinical approaches for the treatment of bacterial sepsis, it is important to distinguish the role of inflammatory responses in eliminating bacteria from inflammatory processes that may lead to secondary harmful effects during septic shock. The loss of leukocyteendothelial interactions is likely to be uniformly detrimental for the clearance of bacteremia. However, blocking cell adhesion molecules may be beneficial in blunting detrimental inflammatory responses during sepsis, particularly if bacteremia can be controlled with antibiotics. Thus, clinical attempts to use mAbs to E-selectin to reverse gram-negative shock (33) have the potential risk of impairing the host response to bacteremia, but the potential benefit of blunting a detrimental inflammatory response, and the net effect can only be judged by carefully designed clinical trials. Furthermore, the increased mortality observed in all of the selectin-deficient mice studied emphasizes that these molecules are evolutionarily important for host defense against infection.
In E-, P-, and E-/P-selectin-deficient mice, the number of leukocytes and neutrophils in the peritoneal cavity at 48 h after S. pneumoniae infection was not decreased significantly compared with wild-type mice. These findings are consistent with those of other investigators. Leukocyte emigration to the peritoneal cavity has been found to be impaired in P-and E-/Pselectin-deficient mice at early time points (2-4 h) after chemical or bacterial peritonitis (15, 18, 21, 22) , or normal to increased in these same models at later times (24-48 h) (15, 16, 21) . Emigration is normal at 4 h in rabbits with E. coli peritonitis treated with anti-P-selectin mAbs (34) . E-selectin-deficient mice have not been shown to have an impairment of leukocyte emigration to the peritoneum at any time (19, 21, 22) . Our findings suggest further the existence of alternative mechanisms for initiating leukocyte migration to this site. Possible alternative mechanisms may include L-selectin-mediated interactions (35, 36) , CD18-dependent leukocyte rolling and subsequent adhesion in stimulated postcapillary venules at lower shear rates during sepsis (37) , and pathogen-specific interactions such as leukocyte migration induced by S. pneumoniae cell wall components (38) .
Histopathologic studies also confirmed considerable capacity for leukocyte emigration into organ tissues in these animals, showing inflammatory changes and abscess formation in both wild-type and mutant mice. Similarly, a drop in peripheral leukocyte counts observed 24 h after inoculation in all groups is suggestive of effective leukocyte migration to tissues in response to disseminated bacterial infection. Minimal numbers of bacteria were seen in organ tissues of wild-type and mutant mice, indicating appropriate clearance of bacteria by tissue defense mechanisms. At 48 h after infection, there was no evidence of impairment of leukocyte migration into the CSF in a small group of selectin-deficient animals. Mice deficient in P-and particularly E-/P-selectins have been shown to have a partial reduction of CSF leukocyte influx at earlier times (2-6 h) in a cytokine-induced model of meningitis, but this difference is not evident at 24 h (39). A larger number of mice might be needed to observe differences in our model, or a distinct response is preserved during bacterial meningitis at the specific time point of 48 h. P-selectin-deficient mice showed increased incidence of liver and spleen necrosis and spleen thrombosis. Splenic thrombosis was also present in the E-selectin-deficient group. The mechanism of enhanced thrombogenesis in P-and E-selectindeficient mice is unclear. Mice with E-, P-, and E-/P-selectin deficiencies have no alterations in the number of circulating platelets (22, 40) . P-selectin is important in platelet and leukocyte interactions during thrombus formation and fibrin deposition in vivo (13, 14, 41) , and P-selectin deficiency is associated with prolonged bleeding time in mice (40) . Alternate pathways leading to thrombogenesis may include platelet activation by neutrophil-derived products (42, 43) , platelet-activating factor-stimulated platelet-leukocyte interactions (44) , and neutrophil activation through CD11/CD18 mechanisms (45, 46) . Pneumococci binding to endothelial cells activate the procoagulant cascade by enhancing the production of platelet-activating factor, which recruits platelets and leukocytes to infected tissues (47) (48) (49) . CD18-dependent leukocyte aggregation could induce tissue damage if aggregation is sufficient to cause vascular occlusion and subsequent ischemia (50) . It is possible that thrombogenesis occurs by any of these alternative mechanisms in wild-type and selectin-deficient mice.
In summary, our findings suggest that E-and P-selectinmediated rolling plays an important role in the host defense mechanisms against S. pneumoniae infection, and that the function of these two molecules is not entirely redundant. The results of this study also provide evidence of an inflammatory impairment in E-selectin-deficient mice. Although the blockade of both endothelial selectin molecules could offer potential benefit early during sepsis due to gram-positive organisms, a prolonged blockade appears to be detrimental for outcome. Further study of the role of selectin molecules in the pathogenesis of S. pneumoniae and other bacterial infections is warranted.
